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Summary 

Masked palm civets are highly susceptible to infection with the severe acute respiratory syndrome coronavirus 
(SARS-CoV). Infected animals become less aggressive and develop pyrexia, lethargy and diarrhoea. The pres- 
ent study describes the spectrum of histopathological changes in the lung, spleen, lymph node, liver, small 
intestine, kidney and cerebrum of civets infected experimentally with SARS-CoV. In-situ hybridization 
(ISH) with probes specific for the RNA polymerase gene demonstrated viral RNA in the lung, small intestine 
and cerebrum only. In-situ labelling was employed in order to demonstrate cellular apoptosis in the cerebrum, 
but there was no evidence of apoptosis within the myocardium. These results indicate that SARS-CoV causes 
multi-organ pathology in civets, similar to that observed in human SARS patients. These parallels suggest that 
civets may be used as an animal model of this infection to gain insight into the pathogenesis of SARS and for 
evaluation of candidate vaccines and antiviral drugs. 
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emergence of this highly infectious disease. It is 
therefore imperative that effective measures to pre- 
vent and treat the disease are developed and evalu- 
ated. To achieve this goal, animal models will play 
an essential role in studying the pathogenesis of 
SARS-CoV infection and in developing effective 
vaccines and therapeutics. 

A wide range of animal species has been confirmed 
to be susceptible to experimental infection with 
SARS-CoV, including rodents (mice and hamsters), 
carnivores (ferrets and cats) and non-human primates 
Wang et al., 2006). Adult mice infected with SARS- 
CoV via the respiratory tract show no clinical signs of 
disease and only mild respiratory tract inflammation 
Subbarao et al., 2004). Aged mice, hamsters and 
ferrets do show signs of clinical disease such as weight 
loss and ruffled fur but do not develop lung pathology 


Introduction 


Severe acute respiratory syndrome (SARS) first 
emerged in Guangdong Province in the People’s 
Republic of China in November 2002. The aetiologi- 
cal agent of this syndrome was a newly emerged and 
previously unrecognized coronavirus, now known as 
SARS coronavirus (SARS-CoV) (Kuiken ef al., 
2003; Ksiazek et al., 2003). SARS is an acute pulmo- 
nary syndrome characterized by atypical pneumonia, 
progressive respiratory failure and death in up to 10% 
of infected individuals (Poon e al., 2004). Although 
the SARS epidemic has subsided, many authorities, 
including the World Health Organization (WHO) 
and the US Centers for Disease Control and 
Prevention (CDC), have warned of the possible re- 
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Martina et al., 2003; Roberts ef al., 2005a,b). Two 
groups of investigators have studied SARS-CoV 
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infection in African green monkeys and common 
marmosets (Kuiken e al., 2003; McAuliffe e¢ al., 
2004; Greenough et al., 2005). Others have evaluated 
cynomolgus monkeys and rhesus macaques as 
potential models, but clinical disease is inconsistently 
induced in these latter species (Kuiken ef al., 2003; 
McAuliffe ef al., 2004; Rowe et al., 2004). 

Our laboratory has evaluated the suitability of 
guinea-pigs, hamsters, albino hamsters, chickens 
and rats as experimental models following inoculation 
of SARS-CoV strain BJO1. No clinical signs or tissue 
histopathological changes were observed in any of 
these animals post-infection. By contrast, all cynomol- 
gus monkeys and rhesus macaques inoculated in this 
manner developed interstitial pneumonia of variable 
severity but no other tissue changes (Liu ¢f al., 
2004). This pulmonary pathology was similar in 
nature to that seen in SARS patients, but the lesions 
were less severe than in infected humans. Therefore, 
there remains a requirement for an animal model of 
human SARS that closer approximates the tissue pa- 
thology that occurs in the human disease. 

In October 2003 it was reported that SARS-CoV- 
like viruses had been isolated from masked palm civets 
from a live animal market in Guangdong, China 
(Guan et al., 2003). This report prompted us to exam- 
ine the feasibility of using civets as a better animal 
model for SARS. In a preliminary infection study, 
two groups of civets were inoculated with two differ- 
ent strains of SARS-CoV. Strain GZO1 was isolated 
during the early stages of the SARS epidemic and 
strain BJO1 was isolated during the middle phase of 
the epidemic (Wu ¢é al., 2005). Both strains were 
shown capable of infecting civets and inducing clini- 
cal signs including pyrexia, lethargy and loss of 
aggression (Wu eé al., 2005). The aim of the present 
study was to extend these observations by character- 
izing the tissue pathology in the infected civets and 
determining the distribution of viral RNA in tissues 
from those animals. In addition, analysis of cellular 
apoptosis in selected tissues was also conducted in 
an attempt to understand the pathogenesis of this 
viral infection in civets and to further determine 
the suitability of this species to model the human 
disease. 


Materials and Methods 
Virus, Animals and Inoculation 


The animals and groups used in this study correspond 
exactly to those described in a previous publication 
(Wu eé al., 2005). SARS-CoV isolates were propa- 
gated in Vero E6 cells for two additional passages to 
generate virus stocks with titres of 1 x 10° 50% tissue 


culture infective doses (TCIDs0)/ml. Ten one-year- 
old masked palm civets were housed in individual 
biosafety isolators and were divided into two groups 
(n=5 per group). Animals in groups A and B were 
inoculated with 3 ml of virus solution containing 
3 x 10° TCIDso of BJO1 and GZO1 isolates, respec- 
tively, with 2 ml instilled into the trachea and | ml 
given intranasally. A control civet was mock-infected 
in an identical fashion with 3 ml of Vero E6 cell cul- 
ture supernatant. All work with infectious virus was 
performed inside a biosafety cabinet, in an approved 
animal biosafety level 3 laboratory. Serology and 
polymerase chain reaction (PCR) analysis were 
conducted to confirm that the civets had not been 
previously exposed to SARS-CoV. Animal experi- 
ments were conducted in accordance with the animal 
ethics guidelines and approved protocols issued by the 
Harbin Veterinary Research Institute, Chinese 
Academy of Agricultural Sciences. 


Histopathology 


One animal from each group was sacrificed at 3, 13, 
23, 34 and 35 days post-infection (dpi), and lung, 
spleen, lymph node, small intestine, kidney, trachea, 
cerebrum, pancreas, sex glands, stomach and heart 
were collected from each animal. These samples 
were fixed in 10% neutral buffered formalin and 
embedded in paraffin wax. Sections taken from these 
blocked samples were stained by haematoxylin and 
eosin (HE). 


In-situ Hybridization (ISH) 


Two 3-digoxigenin-labelled oligonucleotide probes 
(Probe 1: 5’-acc ctg cta aag cat ata agg att acc tag- 
3'; Probe 2: 5’-CAA TGG CTG ATT TAG TCT 
ATG CTC TAC GTC-3’), which target the RNA 
polymerase gene of SARS-CoV, were purchased 
from Invitrogen (Carlsbad, California, USA). ISH 
was performed on the full range of tissues collected 
from each animal with ready-to-use reagents pur- 
chased from Boster Biological Technology Co. Ltd. 
(Wuhan, China) following the manufacturer’s in- 
structions. Briefly, tissue sections were de-waxed in 
xylene and rehydrated in gradient ethanol. Endoge- 
nous peroxidase activity was quenched by incubation 
in 3% HoOs. The tissues were digested with 3 mg/ml 
pepsin in 0.14 M citric acid at 37°C for 20 min and 
incubated at 37°C for 4h with pre-hybridization 
buffer containing 35% deionized formamide, 5 x 
standard saline citrate, 2% blocking reagent, 0.1% 
N-lauroylsarcosine, 0.02% sodium dodecyl sulphate 
and 100 ng/ml salmon sperm DNA. The tissue 
sections were hybridized with digoxigenin-labelled 
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oligonucleotide probes (10 pg/ml) at 37°C for 18h. 
The slides were rinsed in a series of graded salt 
solutions (x2, x0.5 and x0.2 standard saline citrate). 
After blocking at 37°C for 30 min, the sections were 
incubated with biotin-labelled mouse anti-digoxige- 
nin antibody at 37°C for 60min, followed by 
incubation with avidin-peroxidase conjugate at 
37°C for 20 min. The signals were developed using 
the substrate diaminobenzidine tetrahydrochloride 
(DAB) and slides were counterstained with Mayer’s 
haematoxylin. The same organs from the uninfected 
control civet were used as negative controls. 


Detection of Apoptosis 


Cerebrum and heart from all infected animals and 
one uninfected control animal were used for detection 
of cellular apoptosis. Apoptotic cells were identified 
using an in-situ cell apoptosis detection kit (Boster 
Biological Technology Co. Ltd.) according to the 
manufacturer’s instructions. Briefly, cerebral and car- 
diac tissues embedded in paraffin wax were de-waxed 
in xylene and rehydrated in gradient ethanol. Endog- 
enous peroxidase activity was quenched in 3% HgOp¢ 
for 10 min. The sections were washed three times, 
5 min for each wash, with Tris-buffered saline (TBS; 
0.01 M Tris, 0.15 M NaCl, pH 7.4) after digestion 
with proteinase K. The sections were exposed to 
biotin-16-dUTP and terminal deoxynucleotidyl 
transferase in labelling buffer (1 in 10) at 37°C for 
2h, followed by the same washing process as 
described above. After blocking at 37°C for 30 min, 
the sections were incubated with anti-digoxigenin 
antibody and avidin-peroxidase conjugate, followed 
by signal development using identical procedures to 
those described above. 


Results 
Clinical Signs 
As previously described (Wu eé al., 2005), from 3 dpi, 


all infected animals became lethargic and less aggres- 
sive. Febrile episodes also commenced around 3 dpi 
and temperatures remained elevated for up to 7 
days. Diarrhoea developed between 3 and 14 dpi in 
infected civets. Leucopenia was also observed, with 
white blood cell counts reaching a minimum at 
approximately 3 dpi and returning to normal from 
13 dpi onwards. The uninfected control animal re- 
mained clinically normal throughout the experiment. 


Pathological Changes 


No gross pathological changes were observed in any of 
the infected animals or in the uninfected control 


animal. In comparison to the control animal, various 
histopathological changes were observed in civets in- 
fected with SARS-CoV and these were similar in the 
animals infected with the two different SARS-CoV 
isolates. The histopathological changes for different 
organs are summarized below. 


Lungs. At 3 dpi, acute interstitial inflammatory in- 
filtrates and oedema were evident and there was con- 
gestion of the alveolar septae. The lumina of alveoli 
and bronchioles were variably filled with protein- 
rich oedema fluid, erythrocytes, cellular debris and 
lymphocytes (Fig. la). At 13 dpi, the pathological 
changes remained severe. The alveolar septae were 
thickened with infiltration of macrophages and 
lymphocytes and congestion of vessels (Fig. 1b). The 
lesions of interstitial pneumonia were even more 
distinct at 23 dpi, but by 34 and 35 dpi only foci of 


interstitial pneumonia remained. 


Spleen. At 3 dpi there was extensive patchy necrosis 
of the splenic tissue, with atrophy of white pulp lym- 
phoid aggregates (Fig. 1c). The atrophy of white pulp 
decreased in severity from 13 dpi but was still evident 
at 35 dpi. 


Lymph Nodes. At 13 dpi there was depletion of 
lymphoid follicles within the lymph nodes (Fig. 1d) 
and this change was also observed at 23 dpi. 


Liver. At 3dpi there was diffuse congestion of 
the liver (Fig. le). Focal aggregations of lympho- 
cytes were present in hepatic lobules and portal 
areas at days 13 and 23 dpi. At later time points 
there were no microscopical abnormalities in the 
liver. 


Within the cerebrum there was evidence 
of neuronal degeneration and mild neuronophagia 
from 3 to 13 dpi (Fig. If). In two cases there was 
mild oedema around the small veins and nerve cells. 
No microscopical changes were observed in this tissue 
after 13 dpi. 


Kidneys. There was focal haemorrhage within the 
renal cortex at 3 dpi, but no changes were found after 
23 dpi. 


Small Intestine. Mild focal haemorrhage was ob- 
served in the lamina propria of the small intestine at 


13 dpi. 


Cerebrum. 


Localization of Viral RNA 


ISH was employed to locate SARS-CoV in tissue sec- 
tions collected from infected civets. As expected, the 
tissue sections from organs of the control civet were 
negative for ISH. Positive signals were detected in 
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Fig. 1. Histopathological changes in infected civets. (a) Interstitial pneumonia at 3 dpi showing protein-rich oedema fluid in the lumina of 
bronchioles and alveoli. HE, x200. (b) Interstitial pneumonia at 13 dpi. HE, x400. (c) Atrophy of splenic lymphoid tissue 
(arrowed) at 3 dpi. HE, x 200. (d) Depletion of lymphoid follicles in lymph node (arrowed) at 13 dpi. HE, x200. (e) Congestion 
and vacuolar degeneration of hepatocytes at 3 dpi. HE, x100. (f) Neuronal degeneration and neuronophagia (arrowed) in 


cerebrum at 3 dpi. HE, x400. 


the lungs of infected animals at 3 dpiin both groups. | (RT-PCR; Table 1 and Wu e al., 2005). Positive sig- 
In these animals SARS-CoV was also isolated by cell nals were also found in the small intestine (3 dpi in 
culture and the presence of viral RNA was confirmed — both groups) and cerebrum (3 and 13 dpi in both 
by reverse transcriptase polymerase chain reaction groups). 
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Table 1 
Detection of SARS-CoV and apoptosis in tissue from infected civets 


Group (virus isolate) Days post-infection 


Tissue examined 


Lung 


Cerebrum Small intestine 


A B C D A 


B Cc OD A B Cc D A B Cc D 


A (GZO01) 3 + + + ND - - - - ND ND + + ND ND + ND 
13 - - = ND - + -~ = ND ND + - ND ND —- ND 
23 - - = ND - - =~ = ND ND -—- -—- ND ND —- ND 
34 - - = ND - - -~ =~ ND ND -—- - ND ND —- ND 
35 - - = ND - - =~ = ND ND -—- -—- ND ND —- ND 
B (BJO1) 3 + + + ND + + = = ND ND + + ND ND + ND 
13 - - = ND - - -~ =~ ND ND + -—- ND ND —- ND 
23 - - - ND - - - =~ ND ND - - ND ND —- ND 
34 - - = ND - - =~ = ND ND -—- -—- ND ND —- ND 
35 - - - ND - - =~ = ND ND -—- -—- ND ND —- ND 
A, virus isolation; B, RT-PCR; C, ISH; D, apoptosis; (+), positive for virus isolation, PCR, ISH and apoptosis; (—), negative for virus isolation, 


PCR, ISH and apoptosis; ND, not determined. 


These signals were localized to the cytoplasm of 
pneumocytes lining the alveolar septae and macro- 
phages within the alveolar spaces (Fig. 2a). In the 
small intestine, the positive signal was mainly local- 
ized to macrophages (Fig. 2b). In the cerebrum, pos- 
itive signals were mainly associated with glial cells at 
3 dpi (Fig. 2c) and neurons at 13 dpi (Fig. 2d). No 
positive signal was found in any other tissue (Table 1). 


Cellular Apoptosis 


At 3 dpi, glial cells of the cerebrum in both groups of 
infected animals underwent apoptosis (Fig. 3a) and at 
13 dpi there was also evidence of neuronal apoptosis 
(Fig. 3b). No apoptosis was noted in the myocardium 
at 3 dpi. By 13 dpi, no apoptosis was found either in 
the myocardium or in the cerebrum (Table 1). 


Discussion 


The causative agent of SARS has been identified as 
a new coronavirus not previously endemic in humans 
(Kuiken eé/ al., 2003). This finding is supported by the 
lack of serological evidence of previous infection in 
healthy humans, which suggests that SARS-CoV has 
recently emerged in the human population. It has 
been proposed that animal-to-human interspecies 
transmission 1s the most probable explanation for 
emergence of the SARS-CoV. Recent epidemiological 
investigations by two independent groups suggest that 
bats may be a natural reservoir of SARS-CoV. Bats 
are among the live animals sold in markets in southern 
China, providing a possible explanation for the occur- 
rence of infection among civets and other animals in 


these markets (Lau ef al., 2005; Li et al., 2005a). 


The isolation of SARS-CoV from palm civets was 
a significant finding in identifying this species as 
a source of the human SARS-CoV, but its role as a 
potential natural reservoir has not been established 
(Guan ef al., 2003). In one study it was shown that 
SARS-CoV genome sequences from civets underwent 
rapid evolution before transmission to humans, sug- 
gesting that civets were a relatively new host to those 
viruses, rather than a natural reservoir host that had 
adapted to SARS-CoV (Song ¢¢ al., 2005). In another 
study it was shown that while approximately 80% of 
civets in one market in Guangzhou had serological ev- 
idence of infection by SARS-CoV, animals on farms 
were largely free from infection. This suggested that 
infection of civets was associated with trading activi- 
ties under conditions of overcrowding and mixing of 
various animal species, which provided an environ- 
ment for efficient interspecies transmission (Tu e al., 
2004). Furthermore, it has been shown that the S pro- 
teins of SARS-CoV isolated from human patients in 
the early stage of the outbreaks bound to and utilized 
the civet ACE2 receptor molecule, but S proteins of 
the civet isolates used human ACE2 markedly less ef- 
ficiently (Li ef al., 2005b). These findings provide ev- 
idence that civets have served as an efficient 
amplification host for SARS-CoV and that the 
SARS-CoV has undergone rapid evolution after 
transmission to the human population. 

While it is now commonly believed that civets are 
unlikely to be the natural reservoir of SARS-CoV, 
the high susceptibility of this species to infection and 
the efficient amplification of SARS-CoV during the 
SARS outbreaks remain focal points for further inves- 
tigation. It is important to know why civets display 
higher susceptibility to infection by SARS-CoV in 


Fig. 2. Detection of SARS-CoV RNA by ISH. For each tissue tested, the left panel shows the result for infected civets whereas the right 
panel shows the non-infected control. (a) Lung showing labelling of macrophages (arrowed). (b) Small intestine showing labelling 


ofmacrophages (arrowed). (c) Glial cells of cerebrum (arrowed). (d) Neuron within the cerebrum (arrowed). (a)—(c), x 1000; (d), 
x 400. 
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Fig. 3. Detection of apoptosis in cerebrum. The left panel shows the result for infected civets, whereas the right panel shows the non-infected 
control. (a) Neuron and (b) glial cells. Arrows indicate cells undergoing apoptosis, x 1000. 


the market environment and whether civets have 
similar clinical and pathological changes as humans 
post-infection. 

In the present study, multi-organ pathological 
changes were found in experimentally infected civets. 
The lungs were the main target organs, but changes 
were also identified within the spleen, lymph node, 
cerebrum, liver, kidney and small intestine. Intersti- 
tial pneumonia and diffuse alveolar damage were 
observed in lungs throughout the experiment. These 
lesions were similar to those described for SARS- 
CoV-infected macaques (Fouchier ef al., 2003; 
Kuiken e¢ al., 2003; Qin et al., 2005), but were milder 
than in humans with SARS (Ding ef al., 2003; Franks 
et al., 2003; Nicholls et al., 2003; Tse et al., 2004). The 
observed follicular depletion in lymph nodes and 
atrophy of splenic white pulp also occur in human 
SARS (Zhao e¢ al., 2003). 

We have also demonstrated the presence of SARS- 
CoV RNA in the cytoplasm of alveolar epithelia, 
macrophages infiltrating the pulmonary interstitium, 
macrophages of the small intestine and glial cells and 


neurons of the cerebrum. This distribution is again 
similar to that observed in human SARS patients 
(Ding et al., 2004; To et al., 2004; Nicholls e¢ al., 
2006). There is currently little information available 
regarding the distribution of SARS-CoV RNA in 
other experimental animals with the exception of de- 
tection of viral RNA in bronchiolar epithelial cells of 
mice at 2 dpi (Subbarao et al., 2004). In-situ apoptosis 
analysis revealed that for two civets, glial cells and 
neurons in the cerebrum displayed apoptosis at 3 
and 13 dpi, respectively. This finding suggests that 
SARS-CoV may cause direct damage to those cells, 
providing useful information for future study of 
disease pathogenesis. The same set of probes and 
methods were applied to SARS-CoV infected monkey 
tissues obtained from previous studies, but no positive 
results were obtained, suggesting that civets and 
monkeys respond differently to SARS-CoV infection. 

In summary, the data presented in this study fur- 
ther corroborate previous findings (Wu e¢ al., 2005) 
in demonstrating that civets are more susceptible to 
SARS-CoV infection than other animals, as implied 
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by their clinical symptoms, pathological changes and 
virus distribution within tissues. These observations 
raise the possibility that civets may be a superior 
model for SARS-CoV infection when compared 
with other animals that have been studied to date. 
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